Experimental drugs that activate a-type peroxisome proliferator-activated receptors (PPARa) have recently been shown to reduce the rewarding effects of nicotine in animals, but these drugs have not been approved for human use. The fibrates are a class of PPARa-activating medications that are widely prescribed to improve lipid profiles and prevent cardiovascular disease, but these drugs have not been tested in animal models of nicotine reward. Here, we examine the effects of clofibrate, a representative of the fibrate class, on reward-related behavioral, electrophysiological, and neurochemical effects of nicotine in rats and squirrel monkeys. Clofibrate prevented the acquisition of nicotine-taking behavior in naive animals, substantially decreased nicotine taking in experienced animals, and counteracted the relapse-inducing effects of re-exposure to nicotine or nicotine-associated cues after a period of abstinence. In the central nervous system, clofibrate blocked nicotine's effects on neuronal firing in the ventral tegmental area and on dopamine release in the nucleus accumbens shell. All of these results suggest that fibrate medications might promote smoking cessation. The fact that fibrates are already approved for human use could expedite clinical trials and subsequent implementation of fibrates as a treatment for tobacco dependence, especially in smokers with abnormal lipid profiles.
INTRODUCTION
Smoking is the leading preventable cause of death, killing nearly six million people per year (World Health Organization, 2011) . About 30% of smoking-attributable mortality is due to cardiovascular disease (Centers for Disease Control and Prevention, 2008) . Smoking cessation substantially lowers the risk of mortality in people with coronary heart disease (Critchley and Capewell, 2003) , and currently available medications (nicotine replacement, bupropion, and varenicline) increase the odds of cessation (Public Health Service Guideline Update Panel, 2008) . However, identifying new and effective treatment strategies is still critical given the enormity of the threat to public health.
Tobacco products such as cigarettes are essentially systems for the rapid delivery of nicotine to the brain. Nicotine produces rewarding effects through mesolimbic dopamine circuitry that is shared by other addictive drugs (Pontieri et al, 1996) and is concordant in humans and animals (Brody, 2006) . In rodents, nicotine binds to acetylcholine receptors in the ventral tegmental area (VTA), enhancing the firing of dopamine neurons that project to the nucleus accumbens shell (Ikemoto, 2007; Mansvelder and McGehee, 2002) . It has recently been discovered (Melis et al, 2008 ) that this nicotine-induced dopamine signaling is negatively modulated by a-type peroxisome proliferator-activated receptors (PPARa).
PPARa are nuclear receptors that are strongly expressed in many tissues including specific areas of the brain (Moreno et al, 2004) , have anti-inflammatory and neuroprotective effects (Pistis and Melis, 2010) , and regulate lipid metabolism (O'Sullivan, 2007) . We have shown that experimental drugs that activate PPARa block nicotine-induced firing of dopamine neurons in the VTA and nicotine-induced elevations of extracellular dopamine levels in the nucleus accumbens shell of rats, and that they decrease nicotine-seeking behavior in rats and monkeys (Melis et al, 2008 Scherma et al, 2008; Forget et al, 2009; Luchicchi et al, 2010; Mascia et al, 2011) . These preclinical findings suggest that PPARa could be an effective target for anti-smoking medications.
Although none of the treatment drugs in these previous studies have been approved for human use, there is a class of medications, the fibrates, that directly activate PPARa and have been used for decades to prevent cardiovascular disease and other complications associated with abnormal lipid profiles (Jackevicius et al, 2011; Abourbih et al, 2009) . If fibrate medications can block the addiction-related effects of nicotine in humans, the fact that they are already in clinical use could streamline their adoption as aids to smoking cessation. As smoking is associated with increased levels of triglycerides and diminished levels of high-density lipoprotein (Hata and Nakajima, 2000) , fibrate medications might reduce smoking-related cardiovascular morbidity by improving lipid profiles and by removing the incentive to smoke.
The effects of fibrates on smoking have not been assessed in humans, nor have fibrates been tested in animal models of nicotine reward. Therefore, to set the stage for clinical trials, we assessed the effects of a representative fibrate drug, clofibrate, on: (1) acquisition of nicotine self-administration in naive rats; (2) ongoing nicotine self-administration in experienced rats and monkeys; (3) reinstatement of nicotine-seeking in monkeys, as a model of relapse; (4) food-maintained operant behavior in rats and monkeys; (5) discrimination of nicotine's subjective effects in rats; (6) nicotine-induced firing of dopamine cells in the VTA in rats; and (7) nicotine-induced dopamine elevations in the nucleus accumbens shell in rats.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, USA; Harlan-Nossan, Milan, Italy) weighing 300-350 g and male squirrel monkeys (Saimiri sciureus) weighing 0.9-1.1 kg were housed in individual cages in temperature-and humidity-controlled rooms. Electrophysiology experiments were conducted at the University of Cagliari in accordance with the European Economic Community Council Directive (86/609; DL27/01/92, no. 116). All other experiments were conducted at the Intramural Research Program of the National Institute on Drug Abuse in facilities fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, in accordance with the guidelines of the National Research Council.
Drugs
Nicotine ((À)-nicotine hydrogen tartrate; Sigma, USA) was dissolved in saline solution (pH adjusted to 7.0). Clofibrate (Sigma) in liquid form was diluted with dimethylsulfoxide; vehicle-control injections consisted of 40% dimethylsulfoxide in saline. The PPAR-a antagonist MK886 (1-[(4-chlorophenyl) methyl]-3-[(1,1-dimethylethyl)thio]-a,a-dimethyl-5-(1-methylethyl)-1H-indole-2-propanoic acid; Tocris, USA) was dissolved in 2-4% Tween-80, 4% dimethylsulfoxide, and sterile water. Rats were given intraperitoneal and subcutaneous treatments in a volume of 1 ml/kg, and monkeys were given intramuscular treatments in a volume of 0.05-0.16 ml/kg. The dose range for clofibrate was based on reports that 300 mg/kg per day intraperitoneally in rats is well tolerated and produces maximal effects on myocardial fatty-acid composition (Tian et al, 2010) .
Nicotine Self-Administration in Rats (General Procedure)
General procedure and apparatus were described previously (Scherma et al, 2008; Panlilio et al, 2003) . Self-administration sessions were 2 h long and began 7-10 days after catheterization. Initially, intravenous nicotine injections (30 mg/kg per injection) were delivered under a one-response fixed-ratio schedule. Responses in the left nose-poke hole produced nicotine and pulsed the house light (5 Hz) for a 20 s timeout. Responses in the other, inactive hole had no scheduled effect.
Acquisition of Nicotine Self-Administration in Rats
The one-response fixed-ratio training schedule was used for 18 sessions. Starting 2 days before the first session, one group of rats received clofibrate (300 mg/kg, intraperitoneal, 100 min before session) daily and another group received vehicle daily. The acquisition criterion was X10 self-injections per session for three consecutive sessions.
Maintenance of Nicotine Self-Administration in Rats
In a separate group of rats, the fixed-ratio requirement was increased to five responses per injection over 15-23 sessions and kept at this value for the remainder of the study. When a performance criterion (X10 nicotine injections per session for three consecutive sessions, with o15% variation) was reached during baseline sessions on Monday and Tuesday, clofibrate treatments were tested Wednesday through Friday. Each dose (vehicle, 100, 200, or 300 mg/kg, intraperitoneal, 100 min before session) was tested for three consecutive days, with the order of doses counterbalanced. In a separate experiment where two injections were given before each test session, the effects of clofibrate (vehicle or 100 mg/kg, intraperitoneal) were tested in combination with the PPARa antagonist MK886 (vehicle or 3 mg/kg, intramuscular, 15 min before clofibrate). Owing to loss of catheter patency, some rats were not tested at all doses.
Food Self-Administration in Rats
Rats were trained with a food procedure that maintains rates and patterns of operant responding very similar to those of nicotine self-administration, with a brief phase of rapid self-administration at the beginning of the session and a slower, regularly spaced pattern for the remainder of the session; this pattern is engendered by emulating reinforcement dynamics thought to be responsible for the regulation of drug intake over time (for details see Panlilio et al, 2008) . The training and testing procedures paralleled the nicotine maintenance procedure described above, except food pellets were delivered instead of nicotine, and availability of food was signaled by a light. Completion of each five-response fixed ratio was treated by the computer as a virtual injection of nicotine, and the rat's virtual nicotine level was calculated continuously based on a clearance half-life of 55 min. The light was only presented when the virtual nicotine level was below 202 mg/kg, the mean level (calculated using the procedure of Panlilio et al, 2003) at which rats self-administered nicotine in a previous study (Mascia et al, 2011) . To assess potential interactions between nicotine and clofibrate, half the rats were treated with nicotine (0.4 mg/kg, subcutaneous, 10 min before session) and half with saline before every food self-administration session.
Maintenance of Nicotine and Food Self-Administration in Monkeys
General procedure and apparatus were described previously (Goldberg, 1973; Justinova et al, 2003) . At the start of each 1-h session, the houselight was extinguished and a green cuelight was presented. In the presence of the green light, 10 lever responses (10-response fixed ratio) produced a 0.2-s, 0.2-ml, 30 mg/kg injection of nicotine, extinguished the green light, and illuminated an amber cuelight for 2 s. Each injection was followed by a 60-s timeout, during which the chamber was dark and lever presses had no programmed effect. Food self-administration was studied in a separate group of monkeys using the same procedure, but delivering 190-mg food pellets instead of nicotine injections. The procedure for testing the effects of clofibrate under these self-administration maintenance conditions in monkeys was the same as in rats, except for clofibrate doses (25, 50, and 100 mg/kg), route of clofibrate administration (intramuscular), and the fact that vehicle was given before each baseline session in monkeys. The effects of clofibrate (100 mg/kg, intramuscular) were also tested in combination with the PPARa antagonist MK886 (1 mg/kg, intramuscular, 15 min before clofibrate).
Nicotine-Induced Reinstatement of Nicotine-Seeking in Monkeys
After completion of the nicotine self-administration maintenance study, extinction training and nicotine-induced reinstatement testing were conducted. The schedule of reinforcement during these extinction-training and reinstatement-test sessions was the same as under maintenance conditions, except intravenous saline was delivered instead of nicotine. When responding reached a low, stable level during extinction training (o10 injections per session, with no obvious increasing or decreasing trend), a reinstatement test was conducted by giving a nicotine priming injection (0.1 mg/kg, intravenous, immediately before session) after treatment with clofibrate (vehicle or 100 mg/kg, intramuscular, 100 min before the session) plus MK886 (vehicle, 1, or 3 mg/kg, intramuscular, 115 min before the session).
Treatments were given in the home cage, and priming injections were given in the training chamber. Each test was performed for a single session, preceded by a baseline extinction session in which 0 mg/kg clofibrate (intramuscular vehicle) and 0 mg/kg nicotine (intravenous saline) were given before the session.
Cue-Induced Reinstatement of Nicotine-Seeking in Monkeys
After completion of the nicotine-induced reinstatement study, monkeys were returned to the nicotine maintenance condition for several weeks. Then, intravenous injections and injection-paired visual cues were discontinued (ie, the green cuelight remained on and the houselight remained off throughout the session) for three extinction sessions, during which response rates decreased to o10 completed ratios per session. Tests of cue-induced reinstatement were then conducted by presenting injection-paired visual cues (ie, green light off and amber light on, followed by timeout) and giving intravenous saline on the 10-response fixed-ratio schedule. Clofibrate (100 mg/kg, intramuscular), vehicle, or clofibrate plus MK886 (3 mg/kg, intramuscular) were given 100 min before each test session, with 2-3 extinction sessions before each test. One monkey was not tested owing to loss of catheter patency.
Nicotine Discrimination in Rats
General procedure and apparatus were described previously (Le Foll and Goldberg, 2004) . Rats were trained under a discrete-trials schedule of food reinforcement (10 responses per pellet, 45-s timeout) in which responses on one lever produced food when an injection of nicotine (0.4 mg/kg, subcutaneous, 10 min before session) was given and responses on the other lever produced food when a saline injection was given. Sessions lasted for 20 pellets or 30 min. Clofibrate (vehicle, 100, 200, or 300 mg/kg, intraperitoneal, 100 min before session) and nicotine (vehicle, 0.03, 0.1, or 0.4 mg/kg, subcutaneous, 10 min before session) were given before test sessions, up to two times per week. During test sessions, food was delivered whenever there were 10 consecutive non-timeout responses on either lever.
Single-Unit Electrophysiology Recordings in Anesthetized Rats
General procedure and apparatus were described previously (Melis et al, 2008) . Single-unit activity of VTA neurons was recorded extracellularly with glass micropipettes filled with 2% pontamine sky blue dissolved in 0.5 M sodium acetate (impedance 2-5 MO). One cell was recorded per rat. Single units were isolated and identified according to previously published criteria (Grace and Bunney, 1984; Ungless et al, 2004) . All neurons were antidromically identified as projecting to the nucleus accumbens shell by antidromic spikes elicited by stimulation of the shell of the nucleus accumbens. An antidromic response was defined as the ability of evoked spikes to follow stimulation frequencies of 4250 Hz, displaying constant latency and collision with spontaneously occurring spikes (Lipski, 1981) . Nicotine (0.2 mg/kg, intravenous) was administered after 5-10 min of baseline recording. Clofibrate (vehicle, 200, or 300 mg/kg, intraperitoneal) was injected B30 min before the start of recordings, and MK886 (3 or 10 mg/kg, intraperitoneal) was injected 15 min before clofibrate. Baseline firing rates did not differ between conditions (mean Hz ± SEMF controls: 3.4±0.4; clofibrate 200 mg/kg: 4.2±0.3; clofibrate 300 mg/kg: 4.1±0.6).
In Vivo Microdialysis in Freely Moving Rats
General procedure and apparatus were described previously (Solinas et al, 2007) . Rats (separate from the rats tested in the electrophysiology study) were surgically implanted with a concentric dialysis probe aimed at the shell of the nucleus accumbens (anterior + 2.0 and lateral 1.1 from bregma, vertical À8.0 from dura) (Paxinos and Watson, 2007) . Experiments were performed on freely moving rats 20-24 h after implantation. Ringer's solution (147.0 mM NaCl, 2.2 mM CaCl 2 , 4.0 mM KCl) was delivered at a constant flow rate of 0.5 ml/min. Collection of dialysate samples (10 ml per sample) started after 90 min, with samples collected every 20 min and immediately analyzed by a high-performance liquid chromatography system coupled to electrochemical detection to quantify dopamine. Rats were treated only after stable dopamine values (o10% variability) were obtained for at least three consecutive samples. Probe location in the nucleus accumbens shell was determined histologically after each experiment, and only data from rats with correct probe placement were analyzed. Clofibrate (vehicle or 300 mg/kg, intraperitoneal) was given 60 min before nicotine (0.4 mg/kg, intraperitoneal), and MK886 (vehicle or 3 mg/kg, intraperitoneally) was given 20 min before clofibrate. Basal levels of dopamine in dialysates, expressed as mean fmoles per 10 ml sample ± SEM, did not differ between groups before injections (vehicle + vehicle + nicotine: 31.9 ± 2.74; vehicle + clofibrate + nicotine: 39.72±4.7; vehicle + clofibrate + saline: 31.47 ± 3.1; MK886 + clofibrate + nicotine: 64.40 ± 13.5).
Data Analysis
Behavioral and microdialysis data were analyzed using Proc Mixed (SAS Institute, Cary, NC, USA) with Tukey-Kramer comparisons. Acquisition data were combined into twosession blocks; the independent variables were treatment group (vehicle vs clofibrate), hole (active vs inactive), and block. For maintenance experiments, the mean for the 3 days of each test were compared with the mean from the previous two baseline sessions; the independent variables were treatment (dose) and session (baseline vs treatment). For illustration of effects over consecutive sessions, additional analyses were performed using session as a factor and comparing each test session to the mean of the two preceding baseline sessions. Reinstatement data were analyzed using a one-way repeated measures design, with baseline data combined across sessions. Nicotine discrimination data were analyzed separately for percentage of responses on the nicotine-appropriate lever and for response rate, with nicotine dose and clofibrate dose as factors. Dopamine levels from the microdialysis procedure were expressed as a percentage of basal level and analyzed with treatment and time as factors; area under the curve was calculated for the 120 min following nicotine injection, expressed as a percentage of the vehicle + vehicle + nicotine condition, and analyzed with a one-way model. Electrophysiology data were analyzed using analysis of variance with StudentNewman-Keuls comparisons. Family-wise confidence levels of 0.05 were used for all comparisons.
RESULTS
Nicotine was Not Rewarding in Naive Rats Treated with Clofibrate
Acquisition of nicotine self-administration was studied in naive rats to assess clofibrate's effects on the rewarding properties of nicotine. Six out of nine rats that were treated daily with vehicle learned to self-administer nicotine by responding in the active nose-poke hole, but none of the nine rats that were treated daily with clofibrate acquired this behavior. Response rates in the active hole were significantly higher in the vehicle group than in the clofibrate group, and only vehicle-treated rats responded significantly more in the active hole than in the inactive hole (Figure 1 ; group Â hole interaction, F(1,16) ¼ 14.69, po0.002).
Clofibrate Decreased Ongoing Nicotine SelfAdministration in Experienced Rats and Monkeys
The effects of clofibrate were studied in nicotine-experienced animals to assess the potential of fibrate medications for inducing and maintaining smoking cessation. Clofibrate dose-dependently reduced the number of nicotine injections in rats (Figure 2a ; treatment Â session interaction, F(3,12) ¼ 9.49, po0.002) and monkeys (Figure 3a ; treatment Â session interaction, F(4,1) ¼ 15.07, po0.0002) that Acquisition of Nicotine Self-Administration (Rats) Figure 1 Clofibrate prevented the acquisition of nicotine self-administration in nicotine-naive rats. Rats treated daily with vehicle (a) learned to self-administer nicotine (30 mg/kg nicotine per injection) by performing a nose-poke response, but rats treated daily with 300 mg/kg clofibrate (b) failed to acquire this behavior. Clofibrate-treated rats responded in the active nose-poke hole at a significantly lower rate than vehicle-treated rats, and only vehicle-treated rats responded significantly more in the active hole than in the inactive hole (which did not produce nicotine). By the end of training, 6 out of 9 vehicle-treated rats and 0 out of 9 clofibrate-treated rats met the acquisition criterion (X10 injections per session for 3 consecutive sessions). One active-hole response was required for each nicotine injection, and sessions lasted 2 h. All data were presented as mean ± SEM. had already established a habitual level of nicotine use. When clofibrate treatment was discontinued, nicotine selfadministration resumed (Figures 2b and 3b ). Clofibrate's effects on nicotine self-administration in rats (Figure 2c ; treatment Â session interaction, F(3,19) ¼ 3.68, po0.03) and monkeys ( Figure 3a) were due to its actions at PPARa, as the effects were blocked by the PPARa antagonist MK886, which had no effect when given alone.
Clofibrate Did Not Disrupt Food Self-Administration in Rats or Monkeys
Under baseline conditions, rates of food self-administration in rats (Figure 2d ) and monkeys ( Figure 3c ) were comparable to rates of nicotine self-administration ( Figures  2a and 3a , respectively). However, unlike nicotine selfadministration, food self-administration was not substantially affected by treatment with clofibrate in monkeys or rats. Food self-administration was also not affected by the combination of nicotine and clofibrate ( Figure 2d , right panel). In rats, the treatment Â session interaction was significant (F(3,30) ¼ 3.96, po0.02), but none of the treatment Â session paired comparisons were significant (all p's40.18). In monkeys, all main effects and interactions were nonsignificant. These results indicate that clofibrate's effects on nicotine self-administration do not represent a nonspecific suppression of operant behavior.
Clofibrate Counteracted the Relapse-Like Behavior Induced by Re-Exposure to Nicotine
In monkeys that had extensive experience self-administering nicotine, responding dropped to a low level when abstinence was imposed by substituting saline injections for nicotine. Re-exposure to nicotine reinstated the nicotineseeking response, but this reinstatement was significantly reduced by treatment with 100 mg/kg clofibrate (Figure 4a ; effect of treatment F(4,12) ¼ 22.46, po0.0001). This effect of clofibrate was dose-dependently reversed by the PPARa antagonist MK886 (Figure 4a ).
Clofibrate Counteracted the Relapse-Like Behavior Induced by Nicotine-Related Cues
Monkeys' response rates dropped to a low level when nicotine and the presentation of cues signaling the delivery of nicotine were not presented. Nicotine-seeking was robustly reinstated when cue presentation was reinstituted, but this effect was significantly decreased by treatment with clofibrate ( Figure 4b ; effect of treatment F(3,6) ¼ 173.4, po0.0001). This effect of clofibrate was reversed by MK886 (3 mg/kg).
Clofibrate-Treated Rats Could Still Detect Interoceptive Effects of Nicotine
In the nicotine discrimination procedure, lever choice was highly dependent on the dose of nicotine (Figure 5a ; main Figure 2 Clofibrate decreased nicotine self-administration in rats that had established a stable baseline of nicotine intake, but it did not alter food selfadministration under a procedure in which baseline rates and patterns of responding were comparable to those of nicotine self-administration. Each dose of clofibrate was tested for three consecutive days. (a) Nicotine injection rates averaged across the 3 days of treatment and across the two preceding baseline days. (b) Nicotine injection rates on each day of testing, the two preceding baseline days, and the two sessions after treatment was discontinued ('Post'). The two higher doses of clofibrate decreased nicotine intake during each day of testing. n ¼ 13, 8, 7, and 5, respectively, for the vehicle ('Veh'), 100, 200, and 300 mg/kg conditions. (c) Nicotine injection rates averaged across the 3 days of treatment and across the two preceding baseline days for rats given two injections (a pretreatment injection of the PPARa antagonist MK886 ('MK'; 3 mg/kg) or vehicle and a treatment injection of clofibrate (100 mg/kg) or vehicle) before each test session. Clofibrate alone significantly decreased nicotine self-administration, but this effect was blocked by MK886; n ¼ 7, 11, 11, and 9, respectively, for the 'Veh + Veh', 'Veh + 100', 'MK + 100', and 'MK + Veh' conditions. (d) Rates of food self-administration averaged across the 3 days of treatment and across the two preceding baseline days. Rats received subcutaneous injections of nicotine (n ¼ 6) or saline (n ¼ 6) before every session. Clofibrate, nicotine, and their combination did not significantly alter food self-administration. In all panels, five responses were required for each nicotine injection or food pellet, and sessions lasted 2 h. *Significant difference from baseline. All data were presented as mean ± SEM. effect of nicotine, F(3,33) ¼ 129.88, po0.0001), and clofibrate did not significantly alter this discrimination. Nicotine, clofibrate, and their combination did not significantly affect the rate of food-rewarded responding in this procedure (Figure 5b ; all p's40.38), consistent with clofibrate selectively blocking the rewarding effects of nicotine rather than suppressing operant behavior in general.
Clofibrate Blocked Nicotine-Induced Firing of Dopamine Cells in the VTA
Intravenous injection of nicotine enhanced the firing rate of VTA dopamine neurons that project to the nucleus accumbens shell (Figure 6a 
Clofibrate Blocked Nicotine-Induced Elevations of Dopamine in the Nucleus Accumbens Shell
Nicotine (0.4 mg/kg, subcutaneous) increased extracellular dopamine levels in the nucleus accumbens shell by about 90% (Figure 7a ; treatment Â time interaction, F(36, 202) ¼ 3.08, po0.0001). Clofibrate significantly blocked this effect of nicotine, reducing the area under the curve by about 40% (Figure 7b ; effect of treatment, F(3,17) ¼ 14.73, po0.0001). MK886 reversed this effect of clofibrate (Figure 7a and b) . Clofibrate did not alter dopamine levels when given alone (ie, without nicotine; Figure 7a and b), and this dose of MK886 was shown earlier to have no effect when given alone in this procedure (Mascia et al, 2011 ). Figure 3 Clofibrate decreased nicotine self-administration, but not food self-administration, in squirrel monkeys. (a) Nicotine injection rates averaged across the 3 days of treatment and across the two preceding baseline days. (b) Nicotine injection rates on each day of testing, the two preceding baseline days, and the two sessions after treatment was discontinued ('Post'). The two higher doses of clofibrate decreased nicotine intake during each day of testing. The PPARa antagonist MK886 ('MK'; 1 mg/kg) blocked the effect of clofibrate (100 mg/kg), indicating that clofibrate's effects on nicotine intake were due to its actions at a-type peroxisome proliferator-activated receptors (PPARa). (c) Clofibrate did not significantly affect food-rewarded behavior in monkeys tested under conditions that paralleled the nicotine self-administration procedure; n ¼ 4 for nicotine self-administration and n ¼ 3 for food. Clofibrate's vehicle was given before each baseline session. In all conditions, 10 lever responses were required for each nicotine injection or food pellet, and sessions lasted 1 h. *Significant decrease compared with baseline. # Significant increase compared with 100 mg/kg clofibrate condition. All data were presented as mean ± SEM. Figure 4 Clofibrate had a protective effect in models of nicotine-and cue-induced relapse in squirrel monkeys. (a) Nicotine-induced reinstatement. A baseline of nicotine abstinence and low rates of nicotine seeking was arranged by substituting saline for nicotine in the intravenous selfadministration procedure. During test sessions, a priming injection of nicotine was given automatically before the session. When monkeys were given only clofibrate's vehicle before the nicotine priming injection ('Veh + Nic' condition), the nicotine prime significantly reinstated nicotine-seeking behavior. However, when monkeys were given 100 mg/kg clofibrate 100 min before the priming injection ('Clof + Nic' condition), nicotineseeking was not reinstated. MK886 reversed this effect of clofibrate partially at a dose of 1 mg/kg ('MK1 + Clof + Nic' condition) and fully at 3 mg/kg ('MK3 + Clof + Nic' condition). On the baseline day before each test session, monkeys were given clofibrate's vehicle followed by a saline injection instead of a nicotine prime; data from these sessions were combined across days ('Veh + Saline' condition). *Significant difference from 'Veh + Saline' condition. # Significant difference from 'Clof + Nic' condition. (b) Cue-induced reinstatement. A baseline of nicotine abstinence and low rates of nicotine seeking was arranged by discontinuing intravenous injections and the presentation of visual cues ('Veh' condition). During test sessions, cue presentation was reinstituted, and responding produced intravenous saline injections. The cues significantly reinstated nicotine seeking when monkeys were treated with vehicle ('Veh + Cues' condition), but this effect was significantly blocked by treatment with 100 mg/kg clofibrate ('Clof + Cues' condition). *Significant difference from 'Veh' condition. # Significant difference from 'Clof + Cues' condition; n ¼ 4 for nicotine-induced reinstatement and n ¼ 3 for cue-induced reinstatement. In all, 10 lever responses were required for each saline injection, and sessions lasted 1 h. Data for 'Veh' (black bar) in panel b represent number of responses divided by 10, as no injections or timeouts were given in this condition. All data were presented as mean ± SEM.
DISCUSSION
Clofibrate blocked the rewarding effects of nicotine in naive animals, decreased nicotine use in nicotine-experienced animals, counteracted the relapse-like effects induced by re-exposure to nicotine or nicotine-associated cues, and blocked nicotine's reward-related effects on dopamine signaling. The effects of clofibrate were selective for nicotine (having no effect on food-maintained operant behavior) and were mediated by PPARa, as demonstrated by reversal with the PPARa antagonist MK886. These findings extend our earlier findings with experimental drugs that activate PPARa and suggest that fibrate medications could be useful for treating tobacco dependence.
PPARa activation promotes phosphorylation of b2 nicotinic acetylcholine receptors in the VTA by stimulating tyrosine kinases that can lead to the downregulation of nicotinic receptors (Melis et al, 2008 . This is presumably the mechanism by which PPARa activation blocks the dopaminergic effects of nicotine in the VTA and nucleus accumbens shell, which are believed to provide the primary basis for nicotine reward (Gotti et al, 2010; Corrigall et al, 1994; Lecca et al, 2006) . This nicotineinduced dopaminergic signaling, and indeed the rewarding effects of nicotine in behavioral procedures, have been shown to be blocked by experimental drugs that activate PPARa directly (ie, the synthetic agonist WY14643, the endogenous ligands oleoylethanolamine and palmitoylethanolamide, and the longer-acting oleoylethanolamine derivative methyl oleoylethanolamine; Melis et al, 2008 Melis et al, , 2010 Mascia et al, 2011) or indirectly (ie, the fatty-acid amide hydrolase inhibitor URB597; Melis et al, 2008; Scherma et al, 2008; Forget et al, 2009; Luchicchi et al, 2010) . The electrophysiology, microdialysis, and behavioral experiments of this study extend these findings to the fibrate class of medications.
Nicotine increases the firing rate of dopamine neurons that project to the nucleus accumbens shell, stimulating action potential-evoked release of dopamine. However, nicotine can also evoke dopamine release from directly within the shell (Kleijn et al, 2011) . In both this study with clofibrate and our earlier study with the direct PPARa agonists WY14643 and methyl oleoylethanolamine (Mascia et al, 2011) , PPARa activation completely blocked nicotine's effects on dopamine cell firing in the VTA, but only partially Figure 5 (a) Clofibrate did not alter rat's ability to detect interoceptive effects of nicotine in the nicotine discrimination procedure. During training, responding on one lever produced food pellets on days when rats were given a subcutaneous nicotine injection (0.4 mg/kg), and responding on another lever produced food pellets on days when they were given a saline injection. When rats were given clofibrate's vehicle ('Veh') and tested with various doses of nicotine, the percentage of responses on the nicotineappropriate lever ('% Resp. on Nic. Lever') was a monotonically increasing function of dose. Treatment with clofibrate did not significantly alter this curve. (b) Rates of food-reinforced responding in the nicotine discrimination procedure. Clofibrate, nicotine, and their combination did not significantly alter the rate of responding during the same test sessions depicted in panel a. In all, 10 responses were required for each food pellet; n ¼ 12. All data were presented as mean ± SEM. blocked nicotine-induced elevations of extracellular dopamine levels in the accumbens shell. These results suggest that PPARa activation does not prevent dopamine release that is directly evoked by nicotine within the accumbens shell, possibly because PPARa are nuclear receptors, located in the cell body but not in the terminals (Moreno et al, 2004) . In addition, previous work has shown that nicotineevoked dopamine release in the accumbens is relatively insensitive to blockade of nicotinic receptors within the area (Nisell et al, 1994) . Thus, clofibrate does not completely block nicotine's effects on dopamine signaling, but the level of blockade it does produce is substantial and consistent with the observed reductions in nicotine self-administration and reinstatement.
Although a fibrate medication would not be prescribed to prevent the initial development of tobacco use, the finding that clofibrate (like enhancement of endogenous PPARa ligands; Scherma et al, 2008) can block the acquisition of nicotine self-administration in naive rats indicates that PPARa activation counteracts the primary reinforcing effects of nicotine. The finding that clofibrate decreases ongoing nicotine self-administration in experienced animals suggests that blocking nicotine's reinforcing effects with a fibrate might reduce smoking or help induce abstinence in smokers with established habits. This is consistent with the literature indicating that with continued experience drug use becomes more habitual and less susceptible to change (Everitt and Robbins, 2005) , but that reducing the rewarding effects of nicotine can decrease smoking in habitual users (Rose, 2008) .
Abstinence from smoking is easier to achieve than to maintain. For example, among those who quit for 4 weeks, about 75% relapse within a year (Ferguson et al, 2005) . Therefore, relapse is considered the most significant obstacle to smoking cessation. Two major factors that contribute to relapse are nicotine re-exposure (Chornock et al, 1992) and smoking-related environmental cues (Shiffman, 1982) . It is especially promising that in this study clofibrate had a protective effect against both nicotine-and cue-induced reinstatement. Clofibrate's ability to counteract nicotinerelated cues is consistent with the findings that PPARa agonists downregulate nicotinic receptors and that cue-induced nicotine-seeking depends upon the action of acetylcholine at nicotinic receptors (Liu et al, 2007) . If clofibrate can indeed counteract the effects of smoking-related cues, this could make it a valuable adjunct or alternative to bupropion, varenicline, and nicotine patch therapies, which do not appear to protect against cueinduced nicotine craving in humans (Ferguson and Shiffman, 2009 ) or cue-induced nicotine-seeking in rats (Wouda et al, 2011; Liu et al, 2008 ).
Nicotine's interoceptive effects are known to involve a number of neurotransmitters, but dopamine blockade does not prevent detection of nicotine in rats (Smith and Stolerman, 2009) . Moreover, earlier studies indicate that nicotine's interoceptive effects do not correspond well with its rewarding or reinstatement-inducing effects (see discussion by Mascia et al, 2011) . Thus, it is not surprising that rats treated with clofibrate are still capable of discriminating between injections of nicotine and saline, even though nicotine's reward-related dopaminergic effects are blocked. It is not clear whether nicotine's non-dopaminergic effects contribute to tobacco dependence, but the interoceptive effects spared by PPARa activation in rats might be related to the aversive interoceptive effects of nicotine reported by humans (Harvey et al, 2004) .
The finding that clofibrate has promising effects in animal models of nicotine reward and relapse suggests that other fibrate drugs would also be effective. Clofibrate was chosen to represent this class of medications in this study, but a number of fibrate medications are in clinical use, comprising almost 1% of all prescriptions in the United States (Jackevicius et al, 2011) . All of these drugs (fenofibrate, gemfibrozil, bezafibrate, and ciprofibrate) selectively Figure 7 Clofibrate blocked nicotine-induced elevations of extracellular dopamine in the nucleus accumbens shell. Microdialysis was performed in awake, freely moving rats. Nicotine ('Nic'; 0.4 mg/kg, intravenously) significantly increased dopamine ('DA') levels, but this effect was significantly blocked by treatment with 300 mg/kg clofibrate ('Clof'). Administration of the PPAR-a antagonist MK886 ('MK'; 3 mg/kg, intraperitoneally) 20 min before clofibrate reversed the effects of clofibrate. (a) Dopamine levels (expressed as a percentage of basal level) over time in rats treated with MK886 or its vehicle, followed by clofibrate ('Clof') or its vehicle, and finally by nicotine ('Nic') or saline ('Sal'). Arrows indicate times of drug or vehicle ('Veh') administration. (b) Dopamine levels for the same four conditions, expressed as area under the curve ('AUC', relative to the mean level in the 'Veh + Veh + Nic' condition) over the 2 h following nicotine or saline injection. *Significant decrease compared to 'Veh + Veh + Nic' condition; n ¼ 5 for all conditions except MK886 (n ¼ 6). All data were presented as mean ± SEM.
activate PPARa. Unfortunately, epidemiological studies have not been conducted to assess the effects of fibrates on smoking, and clinical efficacy and ideal dosing parameters cannot be fully assessed using animal models. Therefore, further studies should be conducted by administering fibrates in clinical trials focused on smoking cessation and relapse.
Fibrates are efficacious for the treatment of primary hypercholesterolemia, mixed dyslipidemia, and hypertriglyceridemia, and they are typically given along with statins or as a monotherapy in patients who are refractory or intolerant to statins (Abourbih et al, 2009) . Like all medications, fibrates can have side effects, and the potential dual benefit of reduced smoking and improved lipid profile will have to be weighed against the potential for adverse effects. In double-blind clinical trials with fenofibrate, the most widely prescribed fibrate, adverse events led to discontinuation of treatment in 5% of patients, compared with 3% of those treated with placebo; the most common side effect involved changes in liver enzymes, so liver enzyme and lipid profiles are monitored periodically to ensure safety and optimize dose (Abbott Laboratories, 2011).
Conclusion
Smoking is highly addictive and increases the risk of cardiovascular disease and mortality. Fibrate medications might reduce this risk in two ways, by promoting smoking cessation and by improving cardiovascular health. Medication development is an expensive and lengthy process, and the fact that fibrates are already approved for human use is a significant advantage that could expedite clinical trials and subsequent implementation of fibrates as a treatment for tobacco dependence, especially in smokers with abnormal lipid profiles.
